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Previewsand microtubule stability is nebulous.
Could mitochondria be involved in sens-
ing damage or promoting microtubule
disassembly? The answers to these ques-
tions are likely to have implications
beyond wound repair and regeneration.
The broad range of regeneration poten-
tial that exists among animals begs the
question of whether multiple diverse re-
generation mechanisms exist. In that
sense, it will be interesting to see whether
the microtubule cytoskeleton is used
in other cells and tissues to sense and
respond to damage as it is in the Dro-
sophila midline. Furthermore, uncovering234 Developmental Cell 23, August 14, 2012the role of these pathways in normal
development will shed light on the in-
terplay between development and repair.REFERENCES
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Mitochondrial homeostasis is maintained by several quality control mechanisms, including an unfolded
protein response that in turn elicits a transcriptional response. In a recent issue of Science, Nargund et al.
(2012) propose a sensing mechanism for unfolded proteins’ accumulation in the mitochondrial matrix that
involves the mitochondrial protein import machinery.The mitochondrial proteome contains
approximately 1,000 (in yeast) to 1,500
(in humans) different proteins (Meisinger
et al., 2008). Because more than 99% of
these proteins are nuclear encoded and
posttranslationally imported into mito-
chondria, the protein import machinery
shoulders the task ofmaintaining themito-
chondrial proteome during biogenesis
and homeostasis. Most mitochondrial
precursor proteins contain N-terminal
targeting sequences that drive protein
import via the translocase of the outer
membrane (TOM complex) and the trans-
locase of the inner membrane (TIM23
complex), two highly conservedmachines
that constitute the main protein import
pathway (Neupert and Herrmann, 2007).
Deduced from their evolutionary origin,
mitochondria were, for a long time,
considered to be autonomous organellesand only marginally interconnected with
other cellular processes. Therefore, anal-
ysis of signaling mechanisms that adapt
mitochondrial homeostasis to changing
cellular demands had been neglected.
The view of mitochondria as secluded
organelles changed in the 1990s through
pioneering work in the laboratories of
Ron Butow and Nick Hoogenraad that
discovered the retrograde signaling
response and the mitochondrial unfolded
protein response (UPRmt), respectively
(Liu and Butow, 2006; Ryan and Hoogen-
raad, 2007). Both mechanisms alleviate
mitochondrial dysfunction by inducing
changes in nuclear gene transcription
and presented the first link between
mitochondrial homeostasis and a global
cellular stress response. Since then,
different pathways of mitochondria to
nucleus signaling, as well as many keyplayers involved in connecting mito-
chondrial stress to altered nuclear gene
expression, have been identified. How-
ever, the current understanding of these
pathways is far from being complete. For
example, an understanding of how mito-
chondrial stress can be sensed and
translated into a transcriptional response
has been lacking.
In a recent issue of Science, Nargund
et al. (2012) now propose a sensing
mechanism that perceives mitochondrial
deterioration in C. elegans, thereby as-
signing the mitochondrial protein import
machinery a role in mitochondria-to-
nucleus stress signal transfer. The tran-
scription factor ATFS-1 (activating tran-
scription factor associated with Stress-1,
formerly ZC376.7) is known to be required
for UPRmt. In the UPRmt signaling
cascade, it acts downstream of the
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Figure 1. Sensing Mitochondrial (Dys)function at the Protein Import Machinery
(A) In healthy mitochondria, ATFS-1 is imported via the presequence pathway after rapid degradation by the matrix protease Lon.Dc, membrane potential; MPP,
mitochondrial presequence peptidase.
(B) In stressedmitochondria, ATFS-1 import is inhibited, thereby favoring nuclear translocation where it activates transcription of stress response genes. P, phos-
phorylation.
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Previewsmatrix-localized ClpP protease and
the inner membrane transporter HAF-1
(Haynes and Ron, 2010). Nargund et al.
(2012) show with elegant in vivo and in
organello assays that cytosolic ATFS-1
harbors, in addition to its nuclear locali-
zation signal (NLS), an N-terminal mito-
chondrial targeting signal (MTS). Healthy
mitochondria efficiently import ATFS-1,
which is rapidly degraded by the Lon
protease in the matrix (Figure 1A). Upon
mitochondrial stress, protein precursor
translocation by the mitochondrial protein
import machinery is decreased, allowing
ATFS-1 to accumulate in the nucleus.
There it triggers the transcriptional
response of several hundred genes,
including chaperones, proteases, andcomponents of the mitochondrial import
machinery, to compensate for organellar
stress (Figure 1B). Astonishingly, Nargund
et al. (2012) find that attenuation of
mitochondrial import efficiency seems to
depend on HAF-1, which exports ClpP-
generated peptides as part of the UPRmt
(Haynes and Ron, 2010). Increased
peptide efflux by HAF-1 appears to be
an early event in the UPRmt cascade.
How HAF-1 could modulate mitochon-
drial protein import upon proteotoxic
stress remains unclear, but the findings
of Nargund et al. (2012) clearly demon-
strate that the translation of mitochon-
drial dysfunction to a nuclear response
in UPRmt requires the protein import
machinery.Developmental Cell 23An ideal target for regulation of mito-
chondrial protein import is the TOM com-
plex, because it represents the central
entry gate for virtually all incoming pre-
cursors (Neupert and Herrmann, 2007).
Considered static for a long time, the
TOM complex has recently been found
to be highly phosphorylated and regu-
lated by several cytosolic kinases that
adapt mitochondrial protein import to
changing cellular conditions (Schmidt
et al., 2011). The import receptor Tom70,
for example, has been shown to be
phosphorylated by PKA upon metabolic
switch from respiratory to nonrespiratory
conditions in yeast, thereby inhibiting
import of precursors of the metabolite
carrier family (Schmidt et al., 2011)., August 14, 2012 ª2012 Elsevier Inc. 235
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PreviewsFurthermore, phosphorylation of mito-
chondrial precursor proteins in the cytosol
can modulate their import efficiency (Rao
et al., 2012). Phosphorylation has also
been implicated in the regulation of
mitochondria to nucleus signaling: e.g.,
during the retrograde response, cytosolic,
hyperphosphorylated Rtg3 is partially de-
phosphorylated and translocated to the
nucleus (Liu and Butow, 2006). Similarly,
stress signaling from the mitochondrial
intermembrane space causes phosphor-
ylation of AKT (Papa and Germain,
2011). Therefore, the increased export of
ClpP-generated peptides by HAF-1 or
further stressors might trigger the activa-
tion of cytosolic kinases or phosphatases
that regulate the capability of the import
machinery or that directly modulate
import competence of precursor proteins
like ATFS-1.
The mechanism of monitoring mito-
chondrial protein homeostasis by ATFS-
1 import is reminiscent of the targeting
and turnover of the kinase PINK1, a key
player in mitophagy. In healthy mitochon-
dria, PINK1 is also imported and rapidly
degraded. In contrast, depolarized mito-
chondria accumulate PINK1 at the outer
membrane, followed by recruitment of
the E3 ligase Parkin and mitophagy. Inter-236 Developmental Cell 23, August 14, 2012estingly, a dynamic interplay between
PINK1 and the TOM complex has been
proposed to regulate this pathway (Laz-
arou et al., 2012). While UPRmt activates
a protective response for the organelle,
mitophagy results in organelle elimination
when damage becomes too severe. So
far it is not clear whichmechanisms sense
the degree of mitochondrial dysfunction
that determines the decision to rescue or
eliminate the organelle, but the protein
import machinery may be involved as
well. A possible determinant could be
the membrane potential Dc, which
provides the main driving force for protein
import. A slight reduction of Dc could
trigger the ATFS-1 rescue response,
whereas a collapsed Dc leads to mitoph-
agy. A limited availability of mtHsp70,
which is required for protein import and
folding, could also compromise import
efficiency upon proteotoxic stress.
The discovery that mitochondrial func-
tion is assessed by mitochondrial import
efficiency of ATFS-1 raises the question
of whether other transcription factors are
also regulated by a dual targeting mecha-
nism. The identification of several nuclear
transcription factors in mitochondrial pro-
teomic studies provides further support
for this possibility. It remains to be seenª2012 Elsevier Inc.whether competition between mitochon-
drial and nuclear import of regulatory
proteins is a common mechanism used
to modulate nuclear gene transcription.REFERENCES
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Actomyosin rings are transient organelles that execute cytokinesis, morphogenesis, and wound healing. In
this issue of Developmental Cell, Burkel et al. (2012) call into question the assumption that such rings close
via sliding filament contractility and elegantly reveal flux of Rho family GTPases within these dynamic
structures.‘‘Contractile rings’’ are thought to
constrict through the activity of bipolar
filaments of myosin II, which slide antipar-
allel actin filaments in much the same way
that smooth muscle contracts. Diverse
perturbations of actin filaments prevent
the closure of contractile rings, and thusthe role of actin is considered to be indis-
putable. Decades of work on myosin em-
ploying interfering antibodies, genetic
ablations, depletions, and a specific
inhibitor support the conclusion that
myosin is essential for contractile ring
closure.But because all these approaches per-
turb myosin function by disrupting its
interaction with F-actin, these studies do
not discriminate among roles for myosin
as a motor, crosslinker, or bundler. Still,
by analogy to muscle, the ‘‘sliding fila-
ment hypothesis’’ prevails.
